An improved amperometric glucose biosensor was constructed by immobilizing glucose oxidase (GOD) in a titania sol-gel film, which was prepared by a vapor deposition method, on a Prussian Blue (PB)-modified electrode. The method combined the merits of immobilizing biomolecules in the titania sol-gel film by vapor deposition method and the synergic catalysis effects of PB and GOD molecules. Results showed that the fabricated titania sol-gel/PB membrane possessed high surface area, good mechanical stability, and good hydrophilicity, which provided a biocompatible microenvironment for maintaining the bioactivity of the immobilized enzyme and prevented the enzyme from leaking out of the film. Therefore, the present biosensor exhibited fast response time (10 s), high sensitivity (12.74 mA cm -2 mM -1 ), long-term operational stability, good suppression of interference, and a wide linear range from 0.02 to 15 mM with a low detection limit of 5 mM for the detection of glucose. In addition, this simple and controllable method could fabricate biosensors in batches with a very small amount of enzyme.
Introduction
Enzyme-based biosensors integrating enzyme components and transducers have been widely applied in chemistry and biology due to their high sensitivity and selectivity, [1] [2] [3] [4] [5] [6] [7] [8] [9] in addition to low cost and possibility of miniaturization/automation. Among the enzyme-based biosensors, considerable efforts have been devoted to the search for reliable glucose sensors owing to their usefulness in the diagnostic analysis of diabetes. 10 The glucose oxidase (GOD) catalyzes glucose oxidation in the presence of molecular oxygen to form H2O2, which can be monitored electrochemically during the course of the reaction.
In order to realize electrochemical monitoring of the enzymatic reaction product, enzymes are usually immobilized on electrode surfaces by physical adsorption, solvent casting, and covalent binding, electropolymerization, or LangmuirBlodgett deposition methods. 11 In recent years, silica sol-gel material as one matrix has attracted attention because of its suitability for the immobilization of enzymes 12, 13 and for the construction of H2O2 biosensors. 14, 15 This kind of inorganic silica sol-gel material can be prepared under ambient conditions and exhibits tunable porosity, high thermal stability, chemical inertness and negligible swelling in both aqueous and nonaqueous solutions. [16] [17] [18] It is biocompatible and can retain the catalytic activities of enzymes to a large extent. [19] [20] [21] However, the silica sol-gel matrices also have some obvious shortcomings, such as fragility, hydrolysis at high acidity, and complicated procedures. Such shortcomings have limited their applications in chemically modified electrodes. 17 Therefore, some non-silica sol-gel materials are desired for preparation of chemically modified electrodes. Titania is a kind of non-silica material easily obtained from the sol-gel process. [22] [23] [24] In recent years, a titania sol-gel material prepared by a new vapor deposition method has been developed. [25] [26] [27] This method simplified the procedure of sol-gel synthesis, shortened the time in electrode preparation and also avoided the shortcomings caused by acidic catalyst and a calcination step needed in the traditional titania sol-gel process. [28] [29] [30] Compared with other sol-gel immobilization matrices, titania has good biocompatibility. Moreover, titanium has coordination with amine and carboxyl groups on the surface of the enzyme. 31 These are beneficial for immobilization of the enzyme and maintenance of its bioactivity. Therefore, titania is an available alternative substrate to immobilize the enzyme. 32, 33 Yu et al. introduced an amperometric glucose sensor, using ferrocenium as a mediator, and 300 mV was selected as the working potential for amperometric detection of glucose. [25] [26] [27] However, the high positive working potentials required might lead to interferences from reducing species such as ascorbic acid (AA), uric acid (UA) and acetaminophen. This drawback can be circumvented with electrocatalysts that allow monitoring H2O2 at lower potentials.
Prussian blue (PB), as the "artifical peroxidase", is a superior and selective electrocatalyst for H2O2 reduction 34 even in the presence of oxygen. [35] [36] [37] [38] Since this catalytic reaction occurs in a relative low potential region, interferences from the coexisting substances such as AA and UA are negligible. A large number of oxidase enzyme-based biosensors for clinical, environmental and food analysis can be obtained by initially electrodepositing PB, followed by immobilizing oxidase enzyme. [39] [40] [41] [42] [43] However, it has been reported that the PB-modified electrode would be disrupted after a few scans at neutral pH, 44, 45 which limited its use in biosensor fabrication. Adding protective films may be an effective method to increase the operational stability. 38 Ricci et al. have reported an improvement in PB stability, even in alkaline media, when PB was chemically deposited on the surface of a screen-printed carbon electrode (SPCE) in the presence of KCl. 36, 46 Instead of SPCE, screen-printed Au and Pt electrodes modified with electrochemically deposited PB have 1426 ANALYTICAL SCIENCES NOVEMBER 2008, VOL. 24 been developed and used as the basis for construction of amperometric glucose biosensors through further modification with enzymes immobilized in a Nafion membrane. 47 Bharathi et al. demonstrated the feasibility of a dual optical/electrochemical mode of measurements using single-pass optically transparent PB electrodes modified by doped PB within the inorganic silicate matrix through the interconnected porous structure of the silicate film. 48 In this paper, we use a simple and controllable vapor deposition method to prepare a novel GOD-entrapped titania sol-gel film onto the surface of PB-modified gold electrode. The designed GOD/titania sol-gel/PB membrane systems could provide a biocompatible support for enzyme molecules to efficiently retain their good activity and an opportunity for construction of a sensitive amperometric glucose biosensor. The fabricated biosensor showed good performances, such as high sensitivity, improved stability, good selectivity, short response time and a wide linear range owing to the synergic effects of catalysis characters of PB and the GOD molecules, which were immobilized in the titania sol-gel matrix by the vapor deposition method.
Experimental

Reagents and chemicals
Glucose oxidase (EC 1.1.3.4, 185000 U g -1 , Type II from Aspergillus niger) and poly(diallyldimethylammonium)(PDDA) were purchased from Sigma and used as received. Titanium n-butoxide (Ti(OBu)4, 97%) was obtained from Aldrich. All other chemicals were of analytical grade and were used without further purification. All solutions were made up with doubly distilled water.
Apparatus
An Autolab PGSTAT30 (Eco Chemie) electrochemical system driven by GPES 4.9 software was used to collect electrochemical data. Electrochemical experiments were performed in a conventional three-electrode system with the enzyme electrode as working electrode, a platinum wire as the auxiliary electrode and an Ag/AgCl (3 M KCl) as reference. Cyclic voltammetric experiments were carried out in a static electrochemical cell at 25˚C, while amperometric experiments were carried out in a stirred cell with a successive addition of glucose standard solution to the solution by applying a potential step of 0.1 V to the enzyme electrode.
Preparation of Prussian blue electrode
Prior to modification, gold electrodes (diameter of 2 mm) were polished with 1.0, 0.3 and 0.05 mm alumina slurry (CH Instruments, Inc.), respectively, and rinsed thoroughly with doubly distilled water between each polishing step. The electrodes were then successively sonicated in 1:1 nitric acid, acetone and doubly distilled water, and then allowed to dry at room temperature. PB film was electropolymerized by cyclic voltammetry in an unstirred fresh combination of 1.0 mM K3Fe(CN)6 + 1.0 mM FeCl3·6H2O in 0.1 M KCl + 0.1 M HCl aqueous solution in the potential range of 0.2 to 0.8 V at a scan rate of 50 mV s -1 for 10 cycles. After deposition, the modified electrodes were rinsed with water (pH 5.3), and the PB films were activated in a solution containing 0.1 M KCl + 0.1 M HCl, by cycling the applied potential in a range of -0.05 to +0.35 V at a sweep rate of 50 mV s -1 until a stable voltammogram was obtained. After activation, the resulting film was thoroughly rinsed with water (pH 6.0) and dried.
Preparation of enzyme electrode
Titania sol-gel and GOD/titania membranes were prepared as described previously. 27 A GOD solution was first obtained by dissolving 4.0 mg GOD in 1.0 mL 0.02 M pH 7.0 PBS. PBS or 10 mL GOD solution (7.4 U GOD) was dropped onto the surface of a PB electrode, which was first immersed in a PDDA solution (2 mg mL -1 ) for 20 min to adsorb a PDDA underlayer. The electrode was then suspended vertically above titanium n-butoxide in a sealed flask kept at 25˚C for 6 h. This resulted in absorption of saturate titanium n-butoxide vapor by the solution and slow formation of a titania sol-gel or GOD/titania sol-gel membrane through hydrolysis of titanium n-butoxide on the surface. Prior to electrochemical experiments, the GOD/titania sol-gel/PB film electrode was rinsed thoroughly with doubly distilled water and kept in PBS at 4˚C.
Results and Discussion
Cyclic voltammetric behavior of enzyme electrode Figure 1 shows the CVs of the PB electrode and GOD/titania sol-gel/PB film electrode in the absence and presence of glucose in 0.06 M PBS (pH 7.0, containing 0.1 M KCl) solution. In the absence of glucose, the reversible electrochemical behavior of PB was observed on the PB electrode (Fig. 1, curve a) . the sharp peak current indicated a regular structure of the inorganic polycrystal. 41 The waveform with a DEp around 23 mV indicated the rapid electrochemistry of the immobilized redox active PB. 41 However, the PB/Prussian White (PW) peaks became broader, the peak separation value increased (around 51 mV) and the peak current decreased when the GOD/titania sol-gel film was on its surface (Fig. 1, curve b) . It may be that the hybrid film causes the mass transfer resistance between the electrode and the electrodeposited layer of PB, and influences the cations crossing the film-solution interface during the oxidation-reduction process. 49 On addition of 3 mM glucose, nearly no response of the PB electrode is observed (Fig. 1, curve  c) . However, the reduction peak current increased dramatically and the oxidation current decreased on the GOD/titania sol-gel/ PB film electrode after adding 3 mM glucose into PBS (Fig. 1,  curve d) , which clearly showed the catalytic properties of modified electrode to the reduction of H2O2. The detailed catalytic reaction process was as follows: (2)). The H2O2 generated is then catalytically reduced by the PW (reduction state of the PB (Eq. (3)), and at the same time the PW is oxidized to PB (Eq. (4)). PB itself is in turn electrochemically reduced to PW under the applied potential (Eq. (3)). The whole process is very rapid. These results indicate that PB can effectively catalyze the glucose oxidation, which is consistent with the results of previous studies of PB-based electrodes. 41 
Optimization of enzyme electrode preparation
Titanium n-butoxide is much more active to water than tetraethyl orthosilicate. In the case of touching with water, the precipitate of titanium dioxide forms immediately. So vapor deposition method is engaged to make the hydrolysis process slow down enough to form a sol-gel but not titanium dioxide powder. The performance of the enzyme electrode mainly depends on the preparation temperature and the amount of enzyme dropped on the electrode surface. 25 The temperature value directly determines the vapor pressure of titanium n-butoxide, which controls the hydrolysis rate. Figure 2 shows the effect of the electrode preparation temperature on the reduction peak current (ip,c).
The experiments show that the enzyme electrode gets the best performance at the preparation temperature of 25˚C, at which the rate matches water volatilization rate and results in the largest loading of GOD. Too high temperature results in the formation of titanium dioxide powder on the electrode surface due to a high vapor pressure and a rapid hydrolysis rate of titanium isopropoxide. A low temperature results in a very slow gas deposition rate, which can not catch up with the rate of water volatilization. This brings on a poor yield of the hydrolysis product of titania sol-gel.
The amount of enzyme is an important parameter in the preparation of enzyme electrode. Figure 3 shows the effect of enzyme amount on the ip,c of the enzyme electrode. The amperometric response to glucose increases with an increasing concentration of enzyme and reaches a plateau at an enzyme concentration of 4.0 mg mL -1 . This indicates that GOD has been saturated on the titania sol-gel/PB thin film. A larger amount of GOD leads to worse compatibility of sol-gel/PB membrane. When the amount of GOD is larger than saturation of sol-gel/PB film, a repulsion effect is produced among superfluous GOD molecules. The stability of GOD/titania solgel/PB membrane is thus debased and the GOD molecules tend to fall off easily. And also, solutions of 4.0 mg mL -1 GOD were adopted for electrode immobilization.
Condition optimization for glucose sensing
Various experimental parameters which affect the amperometric determination of glucose, such as the pH of the solution and applied potential, were studied.
Because the bioactivity of GOD and the stability of PB are pH-dependent, the influence of buffer pH is very essential to the sensitivity of the biosensors. 38, 43 For example, a strong acidic solution will decrease the bioactivity of the enzyme; and an alkaline solution will decrease both the stability of PB and the bioactivity of GOD. These effects will lead to an obvious decrease in response of the sensor. Figure 4 shows the effect of the pH value of the detection solution on the performance of the biosensor. The optimum response was achieved in the pH range 6.5 -7.5, which is close to the optimum pH 7.0 observed for free GOD and near the physiological environment. This is in good agreement with results reported previously. 50, 51 To ensure higher sensitivity and stability of the biosensor, we chose a 0.06 M PBS (pH 7.0, containing 0.1 M KCl) for the determination of glucose.
The amperometric response of the sensor depends on the applying potential. The effect of the working potential on the amperometric response of the biosensor was studied between -0.1 and +0.3 V. The result is shown in Fig. 5 . The maximum response was reached at 0.1 V and it was selected as the working potential. This result was superior to those of the previous studies. 36, 52, 53 Amperometric response and calibration curve Figure 6a shows a typical current-time plot for the sensor at 0.1 V on successive addition of 300 mM glucose in 0.06 M pH 7.0 PBS. When an aliquot of glucose is added into the buffer solution, the reduction current rises steeply to reach a stable value as a result of the reduction of H2O2 produced from enzymatic reaction, while direct catalysis of glucose is not observed at blank titania sol-gel film electrode in the studied potential window (Fig. 6b) . The sensor achieves 95% of steadystate current in less than 10 s. The response rate is much faster than that of 50 s reported in the pure silica sol-gel matrix, 20 30 s in PB modified SPE 46 and 20 s in copolymer grafting silica solgel membrane. 21 Such a short response time further proves that the vapor deposition-derived titania sol-gel material is a promising platform for the construction of biosensors. 25 The calibration curve of the sensor under the optimized conditions shows a linear range from 0.02 to 15 mM for glucose response with a detection limit of 5 mM (S/N = 3). The sensitivity is 12.74 mA cm -2 mM -1 (Fig. 7) , which is 1.77 times that reported for glucose sensor based on vapor depositionderived titania sol-gel material with ferrocenium as a mediator, 27 and higher than those of 6.25, 54 . 58 The present method for the fabrication of the GOD/titania sol-gel/PB film biosensor is enzyme-friendly for maintaining the enzyme activity and highly useful for preventing the enzyme leakage. In addition, PB can catalyze the electrochemical reduction of H2O2 formed from the GOD catalytic oxidation of glucose and can act as an electron-transfer mediator between the electrode and H2O2, resulting in enhanced detection sensitivity.
Interferences
In order to study the selectivity of the glucose biosensor, we examined the response of the biosensor in the presence of different concentration interferences with glucose concentration of 0.1 mM. In the presence of AA (0.1 mM), the response of the biosensor decreased only about 3%, while in the presence of UA (0.1 mM) and cysteine (0.01 mM), the current increased 0.2 and 1.2%, respectively. Our results indicated that the obtained biosensor has good anti-interferent ability, which is attributed to the lower detection potential due to the synergic catalysis effects of PB and the GOD molecules.
Reproducibility and stability of the sensor
The relative standard deviation (RSD) of five successive measurements to 0.1 mM glucose was 1.3%, and the RSD of 10 biosensors for detection of 0.1 mM glucose was 2.3% for the inter-electrode repeatability, which indicated that the sensor has a good reproducibility for glucose sensing. The stability of the sensor was evaluated by a lifetime experiment. The sensor was used for 3 h each day and the calibration plots involving n = 7 glucose determinations were carried out at hourly intervals. The sensor was stored at 4˚C after use. The means of daily values of slopes were compared. The results showed that the slope at the fifth day is 96% of that at the first day. After 2 weeks, the slope only declined to 91% and the half-life period of these enzyme sensors was about 3 months. This further demonstrates that titania sol-gel/PB film is very efficient for retaining the enzyme activity and allows the biosensor to keep a long lifetime. Good reproducibility and long-term stability can be attributed to two aspects. First, large quantities of hydroxyl groups in titania solgel hybrid material can form strong hydrogen bonds with the enzyme molecules, which prevent the enzyme from leaking out of the film. 18 Second, the immobilization does not become involved in the chemical modification of the enzyme molecules and provides a biocompatible microenvironment around the enzyme molecules to stabilize its biological activity, which maintains the biological activity of enzymes to a large extent.
19,27
Conclusions
We have fabricated an amperometric glucose biosensor based on titania sol-gel/PB composite film by vapor deposition method. The proposed titania sol-gel/PB composite film is highly useful for the bioelectrochemical/biosensing applications, and possesses excellent catalytic, high surface area, good mechanical stability and biocompatible properties. Thus the film provides a compatible microenvironment for maintaining the activity of the immobilized enzyme, and more importantly prevents the leakage of enzyme. The designed GOD/titania sol-gel/PB composite film biosensor exhibits a high affinity to glucose, and a variety of good performance characteristics such as high sensitivity, fast response, low interference, acceptable reproducibility and longterm stability. In addition, this report offered an effective means for preparing three dimensional titania sol-gel biocompatible interfaces, which would facilitate the use of biosensors for more widespread applications.
